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A  METHOD  FOR  MEASURING  INTERNAL  BLAST 
PRESSURE-TIME  HISTORIES  OP  CONFINED,  SODIUM- CASED  .TXPLUSIONS 


Prepared  by: 
Harry  B.  Bonefiel 


ABSTRACT;  Experiments  are  currently  being  conducted  at  the  Naval 
Ordnance  Laboratory  in  an  idealized  model  of  the  Enrico  Fermi 
Nuclear  Reactor  for  the  purpose  of  determining  the  response  of  a 
model  shield  plug  to  simulated  excursion-type  loadings.  TheSe 
experiments  were  designed  to  assess  quantitatively  tne  effect 
that  various  significant  parameters  have  upon  responses  of  the 
plug.  It  is  essential  that  pressure-time  histories  resxxlting 
from  the  initiation  of  30diun>*oased  explosive  charges  within 
the  piston-fitted  model  be  known,  in  that  the  "internal-blast" 
pressvire  is  the  overriding  plug-loading  consideration. 

A  pressure-measuring  system  utilizing  a  recording  oscilloscope 
and  an  electro-mechanical,  variable-reluctance  pressure  gage 
coupled  with  a  fluid-filled,  pressure-transmitting  tube  has  been 
developed  and  used  to  measure  pressure-time  histories  for  48 
experiments.  A  method  is  presented  here  by  which  confidence  in 
the  validity  of  the  experimental  results  can  be  evaluated. 
Pressure-time  data  for  21  of  these  experiments  are  tabulated  and 
evaluated  for  validity. 

The  recorded  pressure- time  histories  and  the  high-confidence  in 
their  validity  prove  the  method  to  be  sound  and  workable. 
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NOMENCLATURE 

A  ....  frontal  area  of  plug,  in^ 

a  ....  oroas-aoctional  aroa  of  pressure-trEnamitting  tubo 
aootiona,  in^ 

d  ....  dlamoter  of  proaauro-tranamittlng  tube  aections.  In 
F  ....  vlacoua  force  of  damping  fluid,  lb 

...  total  viaooua  force  of  damping  fluid,  lb 
Fp  ...  frictional  force  of  plug,  lb 
g  ....  acoaloration  due  t'  ft/aecS 

H  ....  maximum  height  achieved  by  plug,  ft 
h  ....  degree-of-damping  constant  for  pressure- sensing  device 
k  ....  spring  constant  of  pressure-transducer  diaphragm,  Ib/in 
L  ....  length  of  pressure-transmitting  tube  sections,  in 
ra^j  ...  mass  of  pressure-transducer  diaphragm,  slugs 
me  ...  equivalent  mass  of  damping  fluid  in  pressure-transmitting 
tube  sootions,  slugs 

m^  ...  total  affective  mass  of  vibrating  system  (damping  fluid 

in  pressure-transmitting  tube  plus  diaphragm)  referred  to 
diaphragm-  slugs 
rap  ...  mass  of  plug,  slugs 

P  ....  transient  interr  .l-blast  pressure  acting  on  frontal  area 
of  plug,  psig 

Pi  ...  peak  internal 'blast  pressure,  psig 
P3  ...  peak  shock  pressure,  psig 
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PE  . . «  maximum  potontial  energy  of  plug,  ft-lb 
r^  .9.  total  damping  constant  of  pressure-sensing  device 
referred  to  diaphragm,  Ih-sec/in 
r^  ...  total  critical-damping  constant  of  pressure-sensing 
device  refei-red  to  diaphragm,  Ib-seo/in 
a  ....  displacement  of  plug,  ft 

Sf  ...  displacement  of  plug  at  end  of  power  stroke,  ft 
St  ...  displacement  of  plug  within  pl\:ig-guide  tube,  ft 
t  ....  time,  sec 

u  ....  average  damping  fluid  velocity  in  pressure-transmitting 
tube  sections,  in/sec 
V  ....  velocity  of  plug,  ft/sec 

v.£  velocity  of  plug  at  end  of  power  stroke,  ft/sec 
X  ....  displacement  of  pressure-transducer  diaphragm,  in 

^  ...  velocity  of  pressure-transducer  diaphragm,  in/sec 

. .  acceleration  of  pressiu'e-transduoer  diaphragm,  In/seo^ 

dt2 

^  ....  viscosity  of  damping  fluid,  Ib-sec/in^ 
p  ....  mass  density  of  damping  fluid,  slugs/in3 
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INTRODUCTION 

Thisi  report  presents  a  wiethod  by  which  nartioulariaod 
pressure-time  histories  were  measured  for  sodiimi-oasnd  ojtpio.'-lor.**' 
in  an  idealized  scale  model  of  the  Enrico  Pemni  Nuclear  Reactor. 

The  Fermi  Reactor  Plant  is  a  fast  breeder,  100,000-KV; 
facility  currently  being  constructed  at  Lagoona  Beach,  Michigan. 
Figures  1  and  2  show  simplified  elevation  and  plan  views, 
respectively,  of  the  reactor  plant.  A  preliminary  study. 

Reference  (a),  has  been  made  on  the  capability  of  the  Fermi 
Plant  to  contain  a  nuclear  evcurslon  equivalent  in  violence  to 
the  detonation  of  1,000  pounds  of  TNT  located  at  the  core  of  the 
reactor.  Among  other  results  of  this  study,  it  was  indicated 
that  the  ll|3-ton  reactor  shield  plug  would  be  negligibly  sensitive 
to  the  shook  from  a  1,000-lb  TOT  accident,  but  that  the  plug 
might  bo  significantly  responsive  to  the  resulting  internal-blast 
pressure.  The  internal-blast  pressure  is  defined  as  the  pressure 
generated  within  the  secondary  shield  by  expanding  gases  released 
from  the  explosive  charge.  For  the  reason  that  Internal-blast 
pressure  is  dependent  upon  volume  and  not  configu-ation,  the 
secondary  shield  shown  in  Pig’ires  1  and  2  as  an  intricate 
polyhedron  can  be  idealized  as  a  right-circular  cylinder  of 
equal  volume.  In  order  to  assess  quantitatively  in  the 
laboratory  the  i  -saponse  of  the  plug,  the  idealized  reactor  model 
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FIG.  I  ELEVATION  VIEW  OF  REACTOR 
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was  scaled  by  a  j.actor  of  l/30>  and  experiments  were  conducted 
in  which  pentolite  charges  cased  with  molten  sodium  were  detonated 
in  the  model. 

A  method  for  measuring  the  internal  blast  press are- time 
histories  is  presented,  and  this  method  was  used  to  measure 
pressure-time  histories  in  a  series  of  tests  conducted  in  an 
idealized  i/30-3cal6  model  reactor.  The  pressure-time  histories 
for  these  experiments  are  given  along  with  a  relationship  for 
model  plug  jump  as  a  function  of  peak  internal-blast  pressure. 

A  procedure  is  shown  and  evaluated  by  which  confidence  in 
the  validity  of  the  experimental  results  is  strengthened.  The 
high-confidence  level  of  the  pressui-e-time  histories  obtained 
from  these  tests  proves  the  method  to  be  sound  and  workable. 

Ultimately  the  results  obtained  from  these  idealized  1/30- 
soale  model  experiments  will  be  utilized  in  the  ’projection  of 
the  plug  response  from  the  model  to  the  prototype, 

PURPOSE  AND  OBJECTIVES 

The  broad  purpose  of  this  study  was  to  develop  a  method  for 
measuring  internal  blast  pressure-time  histories  generated  from 
the  initiation  of  sodium-cased  explosions  surrounded  by  an 
oxygen-depleted  atmosphere  and  confined  within  a  closed  piston- 
fitted  vessel. 

The  technical  objectives  weieas  follows; 

1,  To  develop  and  design  an  instrumentation  system  capable 
of  measiu'ing  the  internal  blast  pressiu>o-tirae  histories. 
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2,  To  measura  the  internal  blast  pressure” time  histories 
in  a  series  of  tests  oonduotod  in  an  idealized  model  of  the 
Eni’ioo  Fermi  Atomic  Power  Reactor. 

3.  To  develop  a  relationship  between  the  peak  internal- 
blast  pressure  and  the  maximum  height  achieved  by  the  plug  of 
the  idealized  model. 


METHOD  OP  MEASUREMEOT 

Internal  blast  pressure-time  histories  were  measured  at  the 
Naval  Ordnance  Laboratory,  White  Oak,  Maryland,  in  an  idealized 
l/30-soale  model.  The  basic  configuration  of  the  model  was  that 
of  a  closed,  piston- fitted,  right-circular  cylinder,  a  oross- 
seotional  view  of  which  is  shown  in  Figure  3»  The  model  was 
divided  into  three  major  parts;  (1)  the  secondary  shield, 

(2)  the  sodium  vessel  or  explosive-charge  casing,  and  (3)  the 
model  plug.  Trie  secondary  shield  was  a  right-circular,  steel 
cylinder  with  inside  diameter  and  height  of  10.0  inches  and 
9.2  inches,  respectively,  and  it  was  equipped  with  a  number  of 
access  ports  that  were  utilized  to  control  and  monitor  the 
various  experimental  parameters.  The  sodium  vof'^^is  were  made 
from  1/32-inoh  stainless-steel,  with  a  right-cylL’idrical 
configuration.  The  dimensions  of  the  vessels  varied  and  were 
dictated  by  the  quantity  of  sodium-casing  under  investigation. 
The  model  pinguid’s  a  lead- filled,  steel  piston,  3*5  inches  in 
diameter,  109  i^yhes  in  length,  and  305  po>4nda  in  weight,  fitted 
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•jith  three  teflon  piston  rings  on  one  end.  In  '*'he  experiments 
the  plug  was  free  to  slide  in  a  tubular  guide  that  enabled  it  to 
travel  a  pressure-sealed  stroke  of  up  to  six  feet.  This  pressure- 
sealed  stroke  is  referred  to  as  the  power  stroke  of  the  plug. 

The  sodium-cased  charges  used  in  the  experiments  were  15.8  grams 
of  pentolite;  these  were  detonated  in  the  models  to  examine  the 
effects  that  significant  parameters,  such  as  quality,  magnitude, 
and  temperature  of  the  casing,  have  upon  the  response  of  the  plug. 
The  initiation  of  a  sodium-cased  explosive  charge  within  the 
model  resulted  in  a  complex  pressure-time  loading  function 
consisting  essentially  of  a  sharp-rising  shook  pulse  followed  by 
a  slowly  decaying  internal-blast  pressure.  The  Internal-blast- 
pressure  portion  of  this  loading  function  was  measured  by  means 
of  an  instrumentation  system  consisting  basically  of  a  pressure- 
sensing  device  and  a  recorder.  The  pressure-sensing  device  was 
designed  so  as  to  damp  out  the  shock  pulse,  but,  nevertheless, 
to  record  the  internal-blast-pressure  portion  of  the  loading 
function.  The  theory  of  viscous  damping  was  employed  in 
designing  the  instrumentation  to  fulfill  the  required  damping 
characteristics . 

Requirements.  The  general  configuration  of  the  pressure¬ 
time  loading  function  resulting  from  the  initiation  of  a  sodium- 
cased  explosive  charge  confined  within  the  model  is  shown  in 
the  following  di-igram. 
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whore 

Pg  ...  l3  peak  shook  pressure 

...  is  peak  internal-blast  pressure 

Pg  ...  i3«  10  P^ 

t  ...  is  time. 

Previous  investigations,  Referenoe  (a),  of  related  shock-wave 
phenomena  have  shown  that  the  overriding  plug-loading  moobanisra 
is  the  internal-blast  pressure,  which  is  defined  as  the  pressure 
generated  within  the  secondary  shield  by  the  expanding  gas 
resulting  from  detonation  of  the  charge.  Since  the  internal-blast 
pressure  persists  for  a  perioa  of  time  that  is  long  relative  to 
that  of  the  shook  pressure.  It  is  sometimes  called  the  equilibrium 
pressure.  The  basis  for  this  may  be  seen  in  the  above  diagram. 

For  the  case  of  the  l/30-3oale  model,  it  is  that  portion  of  the 
pressure-time  history  from  approximately  one  millisecond  throu^ 
the  duration  of  the  loading  function.  Dictated  by  the  parameters 
and  the  test  oonditiai.v  of  the  l/30-3oale  model  experiments,  the 
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pressura-moaauring  Instrumentation  must  fulfill  the  following 
requirements: 

1.  the  gage  must  withstand,  without  damage,  shook  pulses  of 
the  order  of  5»000  psl  of  one-milllseaond  dur-stion. 

2.  the  entire  system  must  measure  and  record  internal-blast 
pressures  ranging  from  5  to  1;00  pslg  of  100  to  2,000-milllsooonda 
duration. 

3.  the  gaga  must  operate  in  a  oorroaivo  sodlum-oontaminated 
medium. 

Instrumentation.  Exploratory  pressure-time  measurements 
were  made  utilizing  the  induotanoe-gage  typo,  statio-pressure 
measuring  instrumentation  of  V,'.  S.  Filler,  Referenoo  (b).  The 
exploratory  measurements  proved  the  feasibility  of  attempting 
to  measure  the  internal  blast  pressure-time  histories;  however, 
owing  to  the  unsuitability  of  this  equipment  for  use  in  a  sodlum- 
oontaminated  medium,  the  following  system  was  developed. 

The  system  consists  basioally  of  a  pressure-sensing  device 
and  a  recorder,  the  pressure-sensing  device  being  a  DCS-U 
pressure  gage  coupled  to  a  pressxire-transmittlng  tube.  The  DCS-lj. 
pressure  gage,  manufactured  by  Consolidated  Cent. j la  Corporation, 
Albuquerque,  New  Mexico,  is  a  voltage-regulated  gage  that  combines 
an  &-80  variable-reluctance,  diaphragm- type  pressure  transducer 
with  stable  transistorized  electronic  circuitry.  The  DCS-4  8®8®» 
an  exploded  view  of  the  S-80  transducer,  and  a  detailed  schematic 
of  the  electronic  circuitry  are  shown  respeotively  in  Figures 
4»  5»  and  6.  The  PCS-4  gage  is  operated  from  a  23-volt  D,  C. 
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FIG.  4  DCS-4  PRESSURE  GAGE 
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EXPLODED  VIEW  OF  PRESSURE  TRANSDUCER 
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power  supply  and  has  a  signal  output  of  0-3  voDts  D.  C.  over  the 
rated  pressure  range  of  the  transducer.  The  signal  output  Is 
proportional  to  the  pressure  signal  applied  to  the  transducer. 

In  order  to  measure  the  internal-blast  presisme  with  a  good 
degree  of  accuracy,  the  range  of  the  pressure  transducer  must  be 
compatible  with  the  magnitude  of  the  Internal-blast  pressure. 

To  prevent  the  pressure  transducer  from  being  damaged  by  the 
shock  pulse,  a  pressure-transmitting  tube  was  placed  between  the 
transducer  and  the  pressure  source.  The  transmitting  tube  was 
made  of  steel,  and  Its  dimensions  were  controlled  by  the  degree 
of  damping  desired.  Through  evolution  of  the  pressure-measuring 
system,  two  types  of  transmitting  tubes  were  developed,  an  orifloe- 
damping  type  and  a  fluid-damping  type.  A  oross-seotional  view  of 
the  two  types  Is  shown  In  Figure  7*  The  orifice- type  transmitting 
tube,  evolved  first,  used  air  as  Its  pressure-transmitting  medium 
and  an  orifice  as  Its  damping  control  (the  smaller  the  diameter  of 
the  orifice  plug,  the  greater  the  damping) .  This  type  of 
trancmlttlng  tube  was  used  successfully  in  those  tests  where 
sodium  Wt 3  not  present  in  the  explosive-charge  casing.  However, 
in  the  teats  where  aodixim  was  present,  clogging  o-.uurred  in  the 
orifice-type  transmitting  tube  and  prevented  the  complete 
measurement  of  the  pressure-time  history.  This  clogging  rosulted 
from  particles  of  liquid  sodium  being  forced  into  the  air-filled 
transmitting  tube  and  subsequently  solidifying.  To  prevent  this, 
the  orifice  plug  '..'as  removed,  and  the  tube  was  filled  with  a 
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FIG.  7  CROSS-SECTIONAL  VIEW  OF  PRESS' JRE  -  SENSING  DEVICE 

INSTALLED  IN  SECONDARY  -  SHIELD  WALL 
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viscous  fluid  (oil),  resulting  in  the  second  type  transmitting 
tube.  A  nozzle  was  attached  to  the  tube  to  extend  the  fluid 
medium  to  the  inside  of  the  secondary- shield  wall.  A  labyrinth- 
type  baffle  was  inserted  into  the  inside  wal3  opening  of  the 
preasure-measui'ing  port  in  order  to  reduce  the  velocity  of  the 
liquid  sodlvmi  and  other  foreign  matter  impinging  on  the  fluid 
column.  The  degree  of  damping  was  controlled  by  varying  the 
dimensions  of  the  tube  and  the  viscosity  and  density  of  the 
pressure-transmitting  fluid.  A  detailed  presentation  of  damping 
is  treated  in  the  section  on  damping  theory.  The  recorder  used 
in  the  pressure-measuring  instrumentation  was  a  Tektronix 
Osolllosoope  equipped  with  a  Polaroid  Land  Camera.  A  view  of 
the  recording  system  is  shown  in  Figure  8.  The  oscilloscope 
recorded  the  D.C.  voltage-time  history  received  from  the  DCS-U 
pressure  gage;  and  by  means  of  a  static-calibration  curve  of  the 
pressure  gage,  this  voltage-time  trace  was  transposed  to  a 
pressvire-time  curve.  Type  46-L  Land  film  was  used  in  the  Polaroid 
Land  Camera  because  it  produces  a  positive  transparency,  enabling 
the  data  to  be  reduced  and  analyzed  directly  on  a  film  reader. 

To  gain  reliability,  two  Independent  presav.-'*''  sensing  systems 
were  used  in  conjunction  with  two  Tektronix  Oscii.loscopes.  The 
signals  from  both  DCS-q.  pressure  gages  were  recorded  on  each 
oscilloscope,  equipped  with  a  type  53C  Dual-Traoe  Plug-in 
Preamplifier  Unit.  By  using  the  chopper  circuit  of  the  plug-in 
unit,  pressure  .'ignals  from  both  pressure  gages  were  displayed 
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FIG.  8  RECORDING  OSCILLOSCOPES 
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aimultaneously  on  each  osoilloacope.  In  view  of  the  vai'lous 
horizontal-beam  aweep  rates  available  in  the  oscilloscope,  the 
sweep  rate  of  one  oscilloscope  was  set  to  display  the  early 
portion  of  the  pressure-time  histoi*y,  and  the  secono  osolllo'*--”-'?® 
was  set  to  display  the  pressure- time  history  throughout  the 
complete  pov;or  stroke  of  the  model  plug.  A  line  diagram  of  the 
pre3sm*e-mea3uring  system  is  shown  in  Figure  9.  Oscilloscope 
traces  for  test  Mo.  25,  shown  in  Figure  10,  are  similar  to  the 
pressure  loading  function  shown  In  page  8.  However,  owing  to  the 
damping  characteristics  of  the  pressure-measuring  system,  the 
sharp-rising  shock  pulse  does  not  appear  on  the  oscilloscope 
traces. 

Damping  Theory.  As  previously  stated,  damping  in  the 
transmitting  tube  can  be  controlled  by  varying  the  dimensions  of 
the  tube  and  the  viscosity  and  density  of  the  transmitting  fluid. 
This  can  be  shown  analytically  by  invoking  the  theories  of 
vibration  and  viscous  flow.  Consider  the  pressure  transducer 
coupled  with  the  transmitting  tube  to  be  filled  with  a  fluid  of 
density,/?,  and  viscosity,/!,  and  represented  by  the  schematic 
diagram  shown  on  page  20: 
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SUPPLY  OSCILLOtCOPCS 

FIG.  9  UNE  DIAGRAM  OF  PRESSURE- 
MEASURING  SYSTEM 
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where  the  nomenoleture  le 

«  *.«.  oroee-aeotloael  area  of  tube  eeotlona, 
d  ••••  diameter  of  tube  eeotlona^  in 
P  «...  vlaooue  foroe  of  fluid,  lb 

Ft  ...  total  vlaooua  foroe  of  fluid  referred  to  diaphragm, 
lb 

h  degree-of-danplns  oonatant 
k  ....  apring  oonatant  of  diaphragm,  Ib/in 
L  ....  length  of  varioua  tube  eeotlona,  in 
m^  ...  maaa  of  diaphragm,  aluga 

We  ...  equivalent  maas  of  fluid  in  tube  aeotlona  referred 
to  diaphragm,  aluga 

Wj.  ...  total  eff'jotive  maaa  of  vibrating  ayatem  (danplng 

fluid  in  tubea  plua  diaphragm)  referred  to  diaphragm, 
aluga 
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Tg  •••  total  orltioBl-damplng  constant  referred  to  diaphragm, 
Ib-seo/in 

•••  total  damping  constant  refarrod  to  diaphragm, 

Ib-sec/in 
t  • • • •  tlma,  sac 

u  ....  avaraga  fluid  voloolty  In  tuba  saotlona,  In/aac 

X  . . 4 .  dlsplacamant  of  diaphragm.  In 

^  4,4  valoolty  of  diaphragm,  In/sao 
dt 
2 

^  ^  44  accaleratlon  of  diaphragm,  In/sac^ 
dt2 

viscosity  of  fluid,  Ib-sao/ln^ 

/>  4  4  4  4  mass  density  of  fluid,  slugs/ln3 
subscripts 


1  4  4  4  4  prassura->tranBducar  section 

2  4  4  44  prasaxira-transducar  adapter  section 

3  4444  transmlttlng^tuba  main  section 

4  4444  tranamlttlng-tuba  nozzle  saotlon4 

Pressiire  P(t)  acts  upon  the  nozzle  of  the  transmitting  tube, 
and  If  the  flxild  Is  taken  to  be  Incompressible  and  to  move  as 
a  unit,  the  diaphragm  deflects  a  distance,  x.  The  motion 
of  the  fluid  can  be  considered  analogous  to  that  of  a  spring- 
mass  system,  the  free-body  diagram  of  vhlch  Is  shown  on  page  224 
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kx 


P(t) 


If  losses  due  to  the  varying  orosa-aeotiona  are  negleoted,  the 
equllibrliam  equation  for  the  fluid.,  maaa  raifarrad  to  the  diaphragm 
is 


d^x 

™t  — r  +  Ft  +  ^  =  ®4 

dt2 


(1) 


Slnoe  flow  in  the  transmitting  tube  la  laminar  at  bhe  low 
Reynolds*  number  ordinarily  encountered,  the  expreasicn  for  the 
viscous  force  can  be  derived  from  the  theory  of  laminar  viscous 
flow  for  incompressible  fluids  in  circular  tubes  and  is 

P  =  Qxfi  L  u  (2) 

The  total  viscous  force,  P.).,  can  bo  expressed  as  the  sum  of  the 
viscous  forces  of  each  section  and  is 

Pt  =  Pi  -f  P2  +  P3  +  F4  (3) 
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Substituting  the  expression  for  P  from  equation  (2)  for  each 
seotion  in  the  above  equation,  we  obtain 

dx 

“  +  8T/iL2  U2  +  Sw/iL^  u^ '+  u;^  {h) 


From  the  principle  of  conservation  of  mass,  we  obtain  the 
following  relationships 


^^2 


a-j^  dx 

•MM  •n-s 

Ug  dt 


U3 


^  ^  . 

a^  dt  * 


a-|^  dx 

%  dt 


(5) 


and  substituting  these  relationships  into  equation  (li.)  and 
combining  terms,  we  obtain  P^  referred  to  the  diaphragm  to  be 


% 


(6) 


Letting 


a-i 


1  ^  ®1 
+  —  Lo  +  — 
a2  a 


Lo  +  — 

3  % 


and  substituting  the  expression  for  F|.  from  the  above  equation 
in  equation  (1),  we  obtain 


d^x  ,  dx  , 


P(t) 


(7) 
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the  solution  of  which,  for  the  case  of  vibrating  motion,  is 


where  Yp  represents  the  particular  integral  for  pressure,  P{t), 
The  degree  of  damping,  h,  of  the  vibrating  system  is  expressed 
as  the  ratio 

h  =  ^  (9) 

^0 

where  r^  la  the  orltloal  damping  constant  given  by 

=  2j  k  mt  (10) 

In  determining  the  total  effective  mass  (mt)  of  the  fluid 
referred  to  the  diaphragm*  we  must  give  consideration  to  the 
fact  that  the  velocity  distribution  in  the  various  sections  is 
not  uniform  but  is  represented  by  a  paraboloid  of  revolution. 

Because  of  this  fact,  the  mass  of  tbs  fluid  in  each 
section  is  referred  to  as  an  equivalent  mass,  m^,  wit,,  an 
average  velocity,  u.  This  equivalent  mass  is  equal  tc  I|/3  the 
actual  mass.  Reference  (c);  it  can  be  expressed  ay 

tne  =  U/3  />  a  L  (11) 
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and  when  referred  to  the  diaphragm  is  defined  as 


Wg  «  4/3  />  a  L 


(12) 


The  total  effective  mass  .of  the  system  referred  to  the  disiphragra 
can  be  expressed  as  the  sum  of  the  equivall^nt  masses  of  each 
section  referred  to  the  diaphragm  plus  the  mass  of  the  diaphragm 
and  la 

114.  =  md  +  rogi  +  m^g  +  (13) 


Substituting  in  the  above  equation  the  relationships  obtained 
from  equation  (12)  for  each  section  and  combining  terms,  we 
obtain 


r  r®ii^  ra^i^') 

“  ^d  p  ^2  ~  ®3  ^3  ~  ®lj.  ^4  *  (14) 

^  L  2J  -  3,  i.  4.  • 


Thus  the  expression  for  the  degree  of  damping  becomes 


(15) 
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The  value  for  the  spring  oonatant  of  the  diaphragm,  k,  oan  be 
determined  from  the  load  deflection  relationship  for  a  unifonnly 
loaded  oiroular  plate  with  clamped  edges  and  a  lai’ge  deflection. 

A  discussion  of  this  is  covered  in  Appendix  A. 

Equation  (15)  shows  that  for  a  given  pressure  transducer  the 
degree  of  damping  of  the  pressure-transmitting  tube  is  a  fxmotion 
of  the  lengths  and  area  ratios  of  the  various  sections  that  make 
up  the  tube  and  the  density  and  viscosity  of  the  fluid  within  it. 
Owing  to  design  considerations  for  the  access  ports  in  the 
secondary-shield  wall  and  the  pressure  transducer,  the  number  of 
variables  that  influence  the  damping  oharaoteristios  of  the 
pressure-transmitting  tube  is  greatly  reduced.  For  example,  the 
dimensions  of  section  i|.»  the  nozzle  section,  are  controlled  by 
the  size  of  the  access  ports;  and  the  dimensions  of  sections  1 
and  2,  the  cavity  and  adapter  sections  of  the  pressure  transducer, 
are  controlled  by  the  design  of  the  transducer.  The  damping 
oharaoteristio  of  the  transmitting  tube  is,  therefore,  a 
function  only  of  the  length  and  diameter  of  the  main  section  and 
the  density  and  viscosity  of  the  fluid.  In  order  to  damp  out 
the  shook  pulse,  the  response  of  the  pressure-sensing  device  oan 
not  be  faster  than  one  millisecond.  Dynamic  calibration 
experiments  were  conducted  to  verify  the  damping  theory  and  to 
determine  the  proper  fliild  and  the  correct  transmltting-tube 
dimensions  to  produce  the  deslrea  response  time  for  the  pressure- 
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sensing  devioe.  A  detailed  dlsousslon  of  these  eiiqjeriments  and 
the  results  obtained  therefrom  is  presented  In  Appendix  A. 

EXPERIMENTAL  PACII.ITIES 

In  order  to  ascertain  in  the  laboratory  the  response  if 
the  shield  plug  in  the  Enrico  Peml  Atomic  Power  Plant  bo  an 
accidental  nuclear  excursion,  it  was  necessary  to  conduct 
experiments  in  an  idealized  model.  Tl)e  basic  configuration  of 
this  model  was  that  of  a  cloaede  piston-fitted,  right- circular 
cylinder,  a  description  of  which  has  been  presented  in  the 
Method  ca  Measurement  section.  A  cross-sectional  view  of  the 
model  is  shown  in  Figure  3.  Experiments  in  this  model  were 
conducted  to  assess  quantitatively  the  parameters  that  sig¬ 
nificantly  affect  the  internal-blast  pressure  function  and  the 
resultant  plug  Jixap.  Only  those  facilities  pertaining  to 
measurement  of  Internal  blast  pressure-time  histories  are 
presented  here. 

The  variable-reluctance  pressure  transducers  coupled  with 
pressure-transmitting  tubes  wore  Inserted  securely  into  the 
secondary-shield-wall-accosB  ports  of  the  model.  A  cross-sectional 
view  of  the  pressure-sensing  device  is  shown  in  Figure  ?•  Signal 
leads  attached  to  the  two  pressure  transducers  were  directed  to 
their  respective  DCS-4  electronic  units  mounted  on  the  inside  wall 
of  the  movable  platfoim.  From  the  platform  they  were  directed  to 
the  recording  oscilloscopes  located  in  the  Instrumentation  and 
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control  building.  A  view  of  the  recording  oacillosoopea  is 
shown  in  Figure  8.  To  ensure  that  the  pressure  transducers 
remained  at  ambient  temperature,  cooling  air  from  centrifugal 
blowers  mounted  on  the  model  adjacent  to  the  transducers  was 
directed  on  them  throughout  the  test. 

In  establishing  confidence  in  the  validity  of  the  pressure- 
time  data,  the  dynamics  of  the  model  plug  were  used  in  concert 
with  the  pressure-time  data.  To  correlate  the  respective  histories 
of  the  plug  displacement  and  the  internal-blast  pressure,  the 
motion  of  the  plug  had  to  be  monitored.  This  was  achieved  by 
the  use  of  two  camera  systems,  one  system  using  a  16-mllllmetar 
Fairchild  High-Speed  Camera  and  the  second  system  using  a  35“ 
millimeter  Mitchell  Camera.  The  Fairchild  High-Speed  Camera  was 
operated  at  approximately  1,600  frames  per  second  and  was  located 
in  the  plane  of  the  trajectory,  30  directly  behind  the 

model  on  a  30- foot  tower.  A  timing-pulse  generator,  which  was 
synchronized  with  a  400-cyoles-per-aeoond,  vaouuiii:*tube  controlled 
fork,  supplied  timing  pulses  to  the  high-speed  camera.  The  pri¬ 
mary  purpose  of  the  high-speed  camera  was  to  record  the  displace¬ 
ment-time  history  of  the  plug  during  the  power  stroke.  The  35“ 
millimeter  Mitchell  Camera  was  operated  at  approximately  o4  frames 
per  second  and  was  located  on  a  50-foot  tower  situated  132  feet 
from  the  model  along  a  path  at  right  angles  to  the  flight  path  of 
the  plug.  Its  primary  purpose  was  to  record  the  maximum  height  the 
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plug  achieved.  A  laj^out.  o£  .the  oanesa  lofitrumexitatiozi  le  shown  in 
Figure  11.  In  order  to  synchronize  the  triggering  of  the  record¬ 
ing  oacilloacopes  and  the  running  of  the  Fairchild  Hlgb-^eed 
and  Mitchell  cameras  with  the  firing  (if  the  (>xploslve  charge.,  a 
delay-sequence  firing  unit  was  used.  Tills  unit  delayed  the 
delivery  of  the  firing  pulse  to  the  explosive  charge  until  the 
osraeras  had  been  started  and  brought  up  to  sp^ed  and  the  trigger¬ 
ing  pulses  had  been  delivered  to  the  recording  osolllosoopes. 

The  delay  time  was  measured  and  recorded  by  oscilloscope  Mo.  3. 

A  block  diagram  of  the  electronic  instrumentation  system  is 
shown  in  Figure  12. 

To  ensure  that  the  pressure  gages  were  not  damaged  during 
the  teats  and  their  calibration  altered,  each  gage  was  statically 
calibrated  before  and  after  each  test  with  a  Type- 1300  Ashcroft 
Dead-Weight  Gage  Tester.  Figure  13  shows  a  pressure  gage 
being  calibrated.  In  order  to  achieve  the  desired  damping 
characteristic  required  of  the  pressure-measuring  instrumenta¬ 
tion,  the  pressure  gages  were  also  calibrated  under  dynamic 
conditions.  Transient  step-pressure  pulses  ^om  0  to  500  psl 
and  of  the  order  of  500-mioroseoonds  rise  time  v're  generated 
in  a  pressure  pot.  The  pressure  pot  consists  essentially 
of  two  chambers,  a  reference  chamber  and  a  gage  chamber, 
separated  by  a  sealing  valve.  The  volume  of  the  reference 
chamber  is  very  large  relative  to  that  of  the  gage 
chamber.  The  reference  chamber  was  filled  to  the  desired 
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FIG.  It  LAYOUT  OF  PHOTOGRAPHIC  INSTRUMENTATION 
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iCK  DIAGRAM  OF  ELECTRONIC  INSTRUMENTATION  SYSTEM 
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FIG.  13  STATIC  CALI  BRATION  SETUP 
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pressure  with  oompressed  air,  and  by  means  of  a  lipring  loaded 
mass,  the  sealing  valve  was  abruptly  released,  subjecting  the 
pressure  gaga  in  the  gage  ohamber  to  a  sharp—rising  pressure 
pulse.  Figure  14  shows  a  oross-sectional  view  of  the  pred’ir.\*a 
pot.  A  discussion  of  the  dynamic-calibration  experiments  is 
presented  in  Appendix  A. 

EXPERIMENTAL  PROCEDURES  AND  RESULTS 
Forty-eight  experiments  in  the  idealized,  l/30-8cale  model 
reactor  were  conducted  to  assess  quantitatively  the  parameters 
that  significantly  affect  the  internal-blast  pressure  loading 
function  and  hence  the  height  achieved  by  the  model  plug.  The 
principal  parameters  studied  were  the  quality,  magnitude,  and 
temperature  of  the  explosive-charge  casing.  The  Internal  blast 
pressure-time  histories  were  measured  for  all  48  experiments. 

Some  of  the  experiments  were  conducted  in  order  to  check 
instrumentation,  experimental  techniques  and  procedures,  and 
replicability  of  the  experimental  results.  Taking  these  factors 
into  consideration  and  minimizing  redundancy,  we  elect  to  present 
the  results  of  only  21  of  the  48  experiments.  T>-->  selection  of 
these  21  experiments  was  based  upon  the  objective  of  illustrating 
the  effects  that  the  principal  parameters  had  upon  the  internal 
blast  prftssure-time  histories. 

Exploratory  experiments  were  conducted  using  the  pressure  pot 
to  dynamically  otlibrate  the  pressure-sensing  device.  The  purpose 
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FIG.  14  CROSS-SECTIONAL  VIEW  OF  PRESSURE  POT 
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of  these  experiments  was  three  fold:  (1)  to  determine  the 
dimensions  of  and  the  fluid  viscosity  within  thj  pressure- 
transmitting  tube  necessary  to  produce  the  required  damping, 

(2)  to  check  out  the  complete  pressure-measuring  Instrumentation 
prior  to  use  in  the  model  reactor  experiments,  and  (3)  to  verify 
the  damping  theory.  A  detailed  discussion  of  these  experiments 
and  the  results  obtained  therefrom  are  presented  in  Appendix  A. 

In  order  to  assess  how  the  quality,  magnitude,  and  tempera¬ 
ture  of  the  explosive- charge  casing  affect  the  internal-blast 
pressure  loading  function,  experiments  were  conducted  in  which 
various  amounts  of  sodium  casings  at  temperatures  of  5^0 
degrees  P  and  850  degrees  p  ware  used.  Pive  different  size 
sodium  vessels  were  used  and  are  referred  to  in  Table  1  as 
4'«',  8»,  12<»,  16<t’,  and  20'M-  (increasing  in  volume)  vessels,  A 
chronological  description  of  the  procedure  used  in  measuring  the 
internal  blast  pressure-time  history  In  these  experiments  is  as 
follows.  Prior  to  inserting  the  pressure-transmitting  tube  into 
the  access  ports  of  the  secondary-shield  wall  of  the  model,  the 
pressure  gages  were  statically  calibrated,  as  shown  in  Pigure 
13.  Pollowing  static  oalibx’ation,  the  transmitting  tubes  were 
connected  to  the  pressure  transducers  and  were  filled,  under 
vacuum,  with  type  *'200 "  Dow  Corning  Corporation  silicone  fluid. 
The  transmitting  tubes  were  then  inserted  into  the  access  ports 
of  the  secondary-shield  wall,'  and  the  signal  leads  of  the 
pressure  transd'.iocr  were  connected  to  their  respective  DCS-4 
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eleotronlo  units  located  on  the  inside  wall  of  the  movable 
platform.  The  centrifugal  blowers  were  turned  on  to  cool  the 
transducers,  and  then  the  signal  cables  from  the  DCS-1|.  units 
to  the  instrumentation  building  were  connected  to  recording 
oaoilloacopea  No.  1  and  No.  2.  Just  prior  to  the  firing  of  the 
explosive  charge,  the  oaoilloacopea  were  adjusted,  and  when  all 
teat  conditions  ware  fulfilled  the  hydraulic  lift  was  raised. 

The  hydraulic  lift  was  used  to  remotely  insert  the  explosive 
charge  into  the  liquid-sodium  casing.  As  the  hydraulic  lift 
reached  certain  positions  along  its  travel,  mloroswitohas  were 
closed,  starting  the  Mitchell  and  High-Speed  Fairchild  came::  as 
in  that  respective  sequence.  When  the  high-speed  camera 
reached  its  proper  speed,  the  camera  sync-switch  closed  and 
activated  the  delny-soquonoe  firing  circuit  which  in  turn 
instantaneously  triggered  recording  oscilloscopes  No.  1  and  No. 

At  approximately  25  and  30  milliseconds  following  the  triggering 
of  oscilloscopes  No.  1  and  No.  3,  the  delay-sequence  firing  oij^* 
cult  triggered  oscilloscope  No.  2  and  simultaneously  delivered  a 
firing  pulse  to  the  explosive  charge  and  oscilloscope  No.  3, 
respectively.  Subsequent  to  the  closing  of  the  camera  micro- 
switches  but  prior  to  the  detonation  of  the  explosive  charge,  the 
hydraulic  lift  sealed  the  model  reactor  and  positioned  the  charge 
within  the  casing. 

The  peak  internal-blast  pressure,  duration  of  the  power 
stroke  of  the  plug,  wnd  maximum  hel^b  achieved  by  the  plug  for 
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the  21  tests  are  tabulated  In  Table  1.  The  orlfioe-type  pressure- 
transmitting  tube  was  used  in  all  tests  where  the  explosive- 
charge  casing  contained  no  sodium.  In  those  tests  whore  the 
explosive-charge  casing  contained  sodltjm,  the  fluld-tvpo  trans¬ 
mitting  tube  was  used.  In  several  of  the  non-sodivim  casing 
tests,  both  types  of  transmitting  tubes  were  used,  the  orifice- 
type  in  one  recording  ohaimel  and  the  fluid- type  in  the  second 
recording  channel.  The  purpose  of  this  was  to  compare  under 
identical  test  conditions  the  pressure-time  histories  measured 
using  each  type.  No  differences  between  the  pressure-time 
histories  were  experienoed  in  these  tests.  Although  the  response 
of  the  fluid-type  transmitting  tube,  as  determined  by  the  pres¬ 
sure  pot,  was  such  that  It  should  not  have  transmitted  an  explosive- 
shock  pulse,  in  several  of  the  sodium-casing  tests,  shook 
pulses  appeared  in  the  early  portions  of  the  pressure-time 
records.  In  all  tests  where  these  shocks  occurred,  a  shift 
in  the  static-calibration  curves  resulted,  and  in  a  few  tests 
the  pressure  transducers  were  permanently  damaged.  In  order 
to  combat  this,  pressure  transducers  of  much  higher  ranges 
than  the  maximum  internal-blast  pressure  antloipE’-''a  were  used 
(e.g.,  0-300  and  0-500  psi  range  transducers  were  ased  to 
measure  internal-blast  pressures  of  the  order  of  $0  psig)  which 
resulted  in  a  reduction  of  the  sensitivity  of  the  pressure¬ 
measuring  system.  It  was  later  discovered  that  these  shock  pulses 
were  caused  by  p«.rticlos  of  liquid  sodium  and  foreign  matter 


37 


NOLTR  62-34 


TSST 

NO. 

TEST  CONDITIONS 

RESULTS 

TITB 

CP 

illlOS. 

SODIDM 

CASING 

WT. 

VESSEL 

TYPE 

CASINa 

TEMP, 

PEAK 

PRESS'JRE 

POWER- 

STROKE 

DUR.CTOK 

MAHMIM 

PLUG 

JUMP 

(JfOg) 

(CRAMS) 

(®F) 

(PSIO) 

(MSEC) 

(PT) 

2 

5.6 

0 

HONE 

192 

3SU 

15.96 

29 

5.0 

0 

NONE 

X9U 

350 

15.75 

35 

lj.7 

0 

NONE 

-  - 

185 

358 

15.62 

23 

5.5 

0 

u* 

850 

1X2 

525 

9.U8 

25 

U.5 

0 

550 

110 

633 

7.29 

2U 

1*.5 

0 

8» 

850 

108 

617 

7.73 

30 

U.3 

0 

12* 

550 

160 

UX2 

12.51 

31 

U.3 

0 

16* 

550 

137 

U50 

11.61 

a 

6.0 

0 

16* 

850 

96 

6U1 

7.58 

36 

U.9 

382 

U* 

550 

66 

1016 

U.71 

37 

5.0 

382 

U* 

850 

88 

601 

8,31 

38 

U.5 

732 

8* 

550 

HALPUNC 

HONED  PBESSI 

URK  QA(3 

39 

5.0 

732 

8* 

850 

72 

832 

6.56 

1»0 

5.0 

1162 

12* 

550 

MALPUNC 

HONED  PRESSI 

[IRE  OAGE 

l>2 

5.0 

U62 

12* 

850 

6U 

966 

U.6U 

10 

5.x 

X3U0 

16* 

550 

U5 

3.39 

la 

5.0 

13U0 

16» 

850 

66 

835 

6.52 

Ut 

5.U 

X7U7 

20* 

550 

U6 

870  1 

2.30 

!i5 

5.x 

16U 

20* 

850 

HAIf'UNO 

1 

TIOIED  PRESSI 

.it£  QAQE 

1»7 

5.2 

1611 

20* 

850 

57 

766 

2.07 

W 

5.2 

1162 

12* 

550 

5U 

966 

2.50 

*•  Recorder  failed  to  record  complete  preBsure-tine  blstoty 


TABLE  I  EXPERIMENTAL  RESULTS 
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impinging  at  high  velocities  upon  the  fluid  column  in  the 
transmitting  tube.  A  labyrinth-type  baffle  was  designed  and 
placed  on  the  Inside  of  the  secondary-shielo  wall  in  the  opening 
of  the  access  ports  in  order  to  reduce  the  velooitiea  cf  those 
impinging  particles.  Figure  7  shows  the  position  of  the  baffle 
plate  relative  to  the  transmitting  tube.  Baffle  plates  were 
used  in  tests  No.  lj.7  and  no  shock  pulses  or  shifts  in 

the  static  calibration  curves  were  experienced.  The  results  of 
tests  No.  2,  29»  and  35  illustrate  the  replicability  of  the 
pressure-measuring  system.  The  power  stroke-time  and  pressure- 
time  plots  for  the  21  testa  ere  shown  in  Figures  15>  16,  and  17, 
The  relationship  between  peak  internal-blast  pressure  and 
maximum  height  achieved  by  the  plug  is  presented  graphically  in 
Figure  18, 

The  internal  blast  pressure-time  traces,  shown  in  Figures 
15»  16,  and  17,  wore  recorded  by  the  oscilloscopes  as  voltage- 
time  traces,  where  voltage  is  proportional  to  pressure.  The 
proportionality  of  pressure  to  voltage  was  determined  from 
static-calibration  records.  Type  lj.6-L  Polaroid  Film,  used 
to  record  the  voltage-time  traces  and  static-cal.ioration  data, 
produced  a  positive  transparency  that  was  easily  read  and 
analyzed  on  a  high-magnification  Telereadex  29A  film  reader. 

The  pressure-time  curves  shown  in  Figures  15,  16,  and  17  were 
obtained  by  oomlir.ing  the  data  from  the  voltage-time  traces  with 
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100  200  JOO  -too  500  600  700 
TIME(MiaiSECONOS) 

TEST  NO  30 


100  200  300  400  500  600  TOO 

TIME  (MILUSECONOS) 

TEST  N2  31 


TIME  (MILUSECONOS)  TIME  (MILLISECONDS) 

TEST  N2  37  TEST  NO  39 

FIG.  16  STROKE-TIME  a  PRESSURE-TIME  PLOTS 
FOR  TESTS  NO.  30, 51, 21, 36, 37,  AND  39 
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TEST  NO  42 


TEST  NO  43 


TEST  NO  41 


TEST  NO  44 


TEST  NO  47 


TEST  NO  48 


FIG.  17  STROKE-TIME  S  PRESSURE-TIME  PLOTS 
FOR  '.ESTS  NO.  42.  43.  41.  44.  47  AND  48 
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FIG.  18  MODEL  PLUG  JUMP  VS  PEAK-PRESSURE  CURVE 
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the  data  from  the  atatio-oa'iibration  records.  The  p.v«er  stroke¬ 
time  curves,  also  shown  in  the  aforementioned  figures,  were 
obtained  by  '■  oordinating  the  tining  marks  produced  by  fh® 
timing-pulse  generator  connected  to  the  High-Speed  Fairchild 
Camera  with  corresponding  power  stroke  measurements.  The  power 
stroke-time  plots,  along  with  the  maximum  plug-jump  data,  w«9ra 
obtained  from  film  read  and  analyzed  on  a  Telereadex  29A  film 
reader. 


VALIDITY  OP  RESULTS 

The  over-all  accuracy  of  the  pressure-measuring  system, 
including  pressure  gage,  recorder,  and  data  reduction,  is 
believed  to  be  within  an  error  of  ±  %  for  the  pressure  data 
and  ±  3^  for  the  time  data.  The  power  stroke-time  data  are 
considered  accurate  to  within  i  1%  error  for  both  stroke  and 
time.  The  ±  1%  error  also  holds  true  for  the  maximum  plug- 
jump  data  obtained  from  the  35-millimeter  Mitchell  Camera 
records. 

Thera  is  a  fortunate  element  in  the  subject  experiments,  in 
that  there  is  a  technique  available  within  each  experiment  by 
which  confidence  in  the  validity  of  the  pressure-time  data  can 
b,  strengthened.  This  is  accomplished  essentially  by  utilizing 
the  dynamics  of  the  model  plug  in  connection  with  the  pressvu'e- 
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time  data  to  compare  the  energy  available  to  move  the  plug  with 
the  maximum  potential  energy  received  by  the  plug.  The  analysis 
for  increasing  the  confidence  in  the  pressure-time  data  is  as 
follows. 

Assuming  the  system  of  forces  acting  upon  the  model  plug  as 
shown  in  the  free-body  diagram  below 


and  neglecting  wind  losses,  we  find  the  equilibrium  equation  to  be 

dv 

PA  =  inpV— +mpg+Pp  (16) 

where  the  constants  are 

A  ....  frontal  area  of  the  plug,  in^ 

tHp  ...  mass  <'•  plug,  slugs 

g  ....  acceleration  due  to  gravity,  ft/seo^ 
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Fp  ...  frlotional  foroe,  lb 
and  the  variables' are 

P  ....  transient  internal-blast  pressure  actiiiC  on  frontal 
area,  psig 

V  ....  velooity  of  plug,  ft/seo 
3  ....  displaoement  of  plug,  ft. 

The  frictional  force  was  measured  at  a  slow  constant  velooity 
(about  one  in/sec)  and  was  found  to  be  approximately  20  pounds. 
Frictional- force  measurements  are  discussed  in  Appendix  B. 
Rearranging  equation  (16)  and  integrating,  we  can  write 


3=3 f  V=Vf  ®“®f  ‘ 

J?  da  s  V  dv  +  mp  g^ds  +  Pp^' 

3=0  v=0  3=0  s=( 


,S=3t 
da 
s=0 


(17) 


whore  and  s^  are  the  velooity  and  the  displacement  of  the 
plug,  respectively,  at  the  end  of  the  power  stroke  and  s^  is  the 
displacement  of  the  plug  within  the  plug-guide  tube.  The  values 
of  and  s^.  differeu  only  in  those  tests  where  the  maximum 
height  achieved  by  the  plug  was  greater  than  its  power  stroke. 
This  difference  is  attributed  to  the  fact  that  the  length  of 
the  plug-guide  tube  was  greater  than  the  length  of  the  pressure- 
sealed  portion  of  the  tube.  Perfox'iuing  the  indicated 
integration,  we  obtain 
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A 


S=S£. 
P  d3 


3=0 


mp  2 

~  Vf  +  trip  g  3f  +  Fp  3t 


(18) 


One  can  utilize  the  maximum  height  achieved  by  the  plv^  co 
determine  its  maximum  increase  in  potential  energy.  From  the 
conservation  of  energy,  we  can  write 


mp  2 

PE  =  nip  g  H  =  ^  Vf  +  mp  g  3f 


(19) 


where 

PE  ...  is  maximum  potential  energy  of  plug,  ft~lb 
H  ....  is  maximum  height  achieved  by  plug,  ft. 

Rearranging  equation  (19)  and  substituting  into  equation  (18), 
we  obtain 


A 


3t  +  Wp  g  H 


(20) 


which  can  be  utilized  to  establish  a  confidence  ?evel  for  the 

»  3=3 p 

pressure-time  data.  The  value  for  A  /  P  ds  ca:.  be  obtained 

i=o 

by  integrating  the  internal  blast  pressure-pov/er  stroke  curve, 
which  is  developed  by  time  synchronizing  the  internal  blast 
pressure-tine  data  with  the  power  stroke-time  data.  The 
synchronization  of  the  pressure-time  curve  with  the  power 
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stroke-tima  curve  for  Tost  No.  2  la  shown  in  Plguro  19! 

Integration  of  the  preaavire-power  stroke  curve  was  accomplished 
by  measuring  the  area  under  t;i«>  curve  with  a  polar  planiraoter. 

Upon  completion  of  the  power  s  ,roke^  pressure  continued  ‘o  oot 
upon  the  frontal  area  of  the  plug  for  a  short  distance  relative 
to  the  power  stroke.  That  this  effect  is  properly  neglectable 
may  be  easily  seen  from  the  typical  pressure-stroke  curve  shown 
in  Figure  19.  Knowing  the  weight  (mpg)  and  the  maximuiQ  height 
achieved  by  the  plug  (H)  as  measured  from  the  35-niilliraet6r 
Mitchell  Carucra  records,  wo  calculated  the  maxlmuia  potential  energy. 
The  energy  lost  to  friction  (Pp  s^.)  was  calculated  by  assmning 
the  measured  frictional  force  or  20  pounds  to  be  constant 
througihout  the  plug  stroke.  Let  us  define  net  pressure-force 
work  to  be  gross  pres sure- force  work  loss  the  energy  lost  to 
friction.  Absolute  percent  deviations  of  net  pressure-force 
work  from  maximum  potential  energy  of  the  plug  for  the  21  teats 
are  presented  in  Table  2.  Internal  blast  pressure-power  stroke 
plots  developed  by  synobrorlzation  of  the  data  presented  in 
Figures  15,  16,  and  1?  are  shown  in  Figures  20,  21,  and  22. 

For  tests  No,  36,  39,  42,  4l>  47»  and  48  in  Table  2,  the 
large  percent  deviation  may  be  attributed  to  three  factors: 

(1)  the  range  of  the  pressure  transducer  used  to  measure  the 
internal-blast  pressure  greatly  exceeded  the  maximum  pressure 
measured,  thereby  r  duoing  its  accuracy,  (2)  the  energy  lost 
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FIG.  19  TIME  SYNCHRONIZATION  OF  PRESSURE -TIME  S 
STROKE-TIME  PLOTS  FOR  TEST  NO.  2 
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TEiT 

NO. 

(1) 

ijp  da 

H 

(3) 

kfi  d.  - 

(U) 

v« 

(5) 

COLIMN 
(3)  -  (1*) 

%  DEVUTION 
18 

(ln-Ua) 

(la-lba) 

(In-lba) 

(in-lbs) 

(%) 

2 

63,261* 

1,929 

61,335 

58,1*38 

1.96 

29 

62,113 

1,929 

60,181* 

57,669 

lu36 

35 

60,227 

1,929 

58,298 

57,191* 

1.93 

‘23 

36,829 

1,929 

31*,900 

31*,712 

188 

0.51* 

25 

29,150 

1,929 

27,221 

26,693 

528 

1.98 

21* 

33,000 

1,929 

31,071 

28,301* 

2,767 

9.78 

30 

1*7*951 

1,929 

1(6,022 

1*5,806 

216 

0.1*7 

31 

1*6,1*SC 

1,929 

i*U,5a 

1*2,511 

2,010 

1*.73 

21 

30,383 

1,929 

26,1*51* 

27,755 

699 

2.52 

36 

21,971* 

1,11*0 

20,831* 

17,21*6 

3,588 

20.80 

37 

31,71*9 

1,929 

29,820 

30,1*28 

608 

2.00 

38 

39 

28,805  . 

1,SU7 

27,231 

2l*,020 

3,211 

13.37 

1*0 

1*2 

19^992 

1,120 

18,872 

16,990 

1,882 

U.08 

1*3 

HlLFUNCnaiED  HIGH-SPEED  CAMERA 

la 

29,171 

1,561* 

27,607 

23,673 

3,731* 

15.61* 

W* 

9,082 

550 

6,532 

8,1*22 

UO 

1.31 

1*5 

i 

D  PRESSURE  QA(K 

1*7 

9,390 

1*97 

8,893 

7,579 

1,311*  1 

1  17.31* 

1*8 

12,1*1*0 

600 

U,61iO 

1 

9,15U 

1 _ 

2,686  ! 

1 

1 

1  29.31* 

TABLE  2  COMPARISON  OF  ENERGY  AVAILABLE 
TO  MOVE  PLUG  WITH  MAXIMUM  POTENTIAL  ENERGY 
RECEIVED  BY  PLUG 
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TEST  NS  35 


FIG  20  INTERNAL  BLAST  PRESSURE  -  POWER  STROKE 
PLOTS  FOR  TESTS  NO  2, 29, -35. 23, 25,  AND  24 
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TEST  W  42  TEST  W  41 


FIG22  INTERNAL  BLAST  PRESSURE -POWER  STROKE 
PLOTS  FOR  TESTS  NO  42.  41.  44. 47  AND  48 
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due  to  friction  v/aa  greater  than  that  assumed,  and  (3)  a  shift 
between  pre-  and  post-statio  calibration  curves  occurred. 

SUMMARY  AND  CONCLUSIONS 

The  pm*poae  of  this  studj  was  to  develop  a  method  by  which 
the  internal  blast  pressure-time  histories  generated  from  the 
initiation  of  sodium-cased  ejcplosions  surrounded  by  an  oxygen- 
depleted  atmosphere  and  confined  within  a  closed  piston-fitted 
vessel  could  be  measured.  A  pressure-measuring  system  was 
developed,  designed,  fabricated,  and  employed  to  measure  the 
internal  blast  pressure-time  histories  of  48  experiments 
conducted  in  a  1/30-aoale  idealized  model  reactor.  In  this  report 
the  pressure-time  data  for  21  of  these  experiments  have  been 
presented  and  evaluated  for  validity. 

The  pressvire-measurlng  system  essentially  consisted  of  a 
recording  oscilloscope  and  an  eleotro-meohanloal,  variable- 
re  luotanoe,  diaphragm- type  pressure  gage  coupled  with  a  fluid- 
filled  pressure-transmitting  tube.  The  design  of  the  pressure- 
transmitting  tube  was  such  that  the  response  of  the  pressure 
gage  could  be  controlled  by  varying  the  viscosity  of  the  trans¬ 
mitting  fluid.  This  control  was  essential  in  that  it  enabled  the 
pressure  gage  to  measure  the  internal-blast  pressure  with  a 
reasonable  degree  of  aooxiraoy  without  being  subjected  to  the 
damaging,  high-pressure,  shook  pulse.  The  pressure-transmitting 
tube  was  proven  effeo  ive,  since  pressvire-time  histories  were 
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recorded  wherein  no  explosive-shock  pressures  f.ppeared  and  no 
damage  of  the  pressure  gage  was  experienced.  Confidence  In  the 
validity  of  the  pressxu?e-timo  data  recorded  by  the  pres3iu>et- 
measuring  system  was  strengthened  by  comparing  the  pressure- 
force  work  done  on  the  model  plug  with  the  maximum  potential 
energy  racalved  by  the  model  plug. 

The  pressure-time  histories,  as  recorded  by  the  pressure- 
measuring  instrumentation  system,  and  presented  herein,  and  the 
confidence  in  their  validity  affirm  that  this  method  for 
measuring  the  internal  blast  pressure-time  histories  of  confined, 
sodium-cased  explosions  is  a  sound  and  workable  one. 

The  author  acknowledges  a  special  debt  of  gratitude  to 
Dr.  Walter  R.  Wise,  Jr.,  Research  Mechanical  Engineer,  for  his 
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his  careful  technical  review  of  this  presentation.  The  author 
is  also  indebted  to  Mr.  Walter  R.  Anderson  for  his  assistance 
in  the  design  of  the  pressure-measuring  instrumentation  and 
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appendix  a 

DYNAMIC-CALIBRATION  EXPERIMENTS 
A  series  of  dynamic-calibration  experiments  was  oonaut.tad 
in  order  to  evaluate  the  pressure-measuring  instrumentation 
under  transient  pressure  conditions.  The  objectives  of  the 
experiments  were  threefold:  (1)  to  determine  the  dimensions  of  and 
the  fluid  viscosity  within  the  pressure-transmitting  tube 
necessary  to  produce  the  required  damping,  (2)  to  check  out  the 
complete  prossui’e-ineasuring  instrumentation  prior  to  use  in  the 
model  reactor  experiments,  and  (3)  to  verify  the  damping  theory. 

The  assessed  parameters  in  these  experiments  were  main-section 
length  and  area,  transmitting-fluid  viscosity,  and  nozzle  of 
the  pressure-transmitting  tube. 

Recalling  the  schematic  diagram  of  the  pressure-sensing 
device  from  the  section  on  Damping  Theory,  we  have 
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whoro  subsoripta  denote 

1  ....  rreaauro-tranaducor  section 
£  ....  Y reasure-trnnaducer  adapter  section 

3  ....  trnnsmlttin(i-tube  main  section 

4  ....  transraitting-tube  nozsile  section. 

The  lengths  and  areas  of  the  various  tube  sections  investigated 
can  be  categorized  into  the  following  five  cases: 

Case  1  ....  is  pressure- sensing  device  with  nozzle,  whore  the 
dimensions  ai»e: 

=  6»5  inj  a^  =  O.O36  in^ 

Lj^  =  1.7  inj  ajj^  =  0,012  in^ 

Case  2  ....  is  Case  1  without  nozzle,  where  the  dimensions  are: 

=  6.5  in;  a^  =  O.036  ln2 

=  0.0  inj  aj^  =  0,000  ln2 

Case  3  ••••  la  Case  1  with  length  of  main  section  shortened, 
where  the  dimensions  are: 

=  2,5  in;  a-^  =  O.O36  ln2 

Lj|  =  1.7  inj  aj^  =  0.012  in2 

Case  1)  ....  is  Case  3  without  nozzle,  where  the  dimensions  are; 
L3  “  2.5  Inj  03  =  0,036  i.i2 

=  0.0  inj  a|^  =  0.000  in^ 

Case  5  ••••  is  Case  4  with  inside  diameter  of  main  section 
enlarged,  where  the  dimensions  are; 

=2.1  inj  a^  =  0,111  ln2 

=  0,0  inj  aj^  =  0,000  in2 
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The  dimensions  for  tube  sections  1  and  2  are  common  to  all  five 
oases  and  are  as  follows: 

=  0.16  in;  a-j^  =  0.197  in^ 

Lg  =  1.00  in;  a^  =  0.023  in^ 

Ten  testa  were  performed  in  which  the  pressure-sensing  devices 
defined  by  the  aforementioned  five  oases  wore  filled  with  200- 
and  2,000-oontlatol:e,  "200”  Dow  Corning  Corporation  silicone 
fluid  and  subjected  to  transient  pressure  pulses  of  lOO-psig 
magnitude  and  of  the  order  of  500-mlorosaoonds  rise  time.  These 
pressure  pulses  were  generated  in  a  pressure  pot,  a  oross- 
seotlonal  view  of  which  is  shown  in  Figure  14.  A  chronological 
description  of  the  procedure  in  performing  dynamic- calibration 
tests  is  as  follows.  The  pressure-sensing  device  was  filled 
under  a  vacuum  with  the  silicone  fluid  being  Investigated  and 
inserted  securely  into  the  gage  chamber  of  the  pressure  pot.  The 
gage  chamber  was  sealed  from  the  reference  chamber  with  the  seal¬ 
ing  valve.  The  inertia  spring  and  mass  were  cocked  and  retained 
by  the  tripping  trigger  to  which  the  inertial  starter  was 
attached.  The  inertial  starter  was  then  raised  and  held  in  posi¬ 
tion  with  the  lanyard  pin.  The  reference  chaiiil'=‘’’  was  filled  tc 
the  pressure  at  which  the  sensing  device  was  tc  be  calibrated  by 
air  supplied  from  compressed  air  bottles.  When  the  desired  pres¬ 
sure  within  the  reference  chamber,  measvu’ed  by  the  chamber-pres¬ 
sure  gage,  was  reached,  the  lanyard  pin  was  pulled,  triggering 
the  cooked  ine.*t.la  spring  and  mass.  The  Inertia  mass,  in  turn, 
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abruptly  released  the  sealing  valve,  subjecting  the  pressure¬ 
sensing  device  in  the  gage  chamber  to  a  sharp-rising  pressure 
pulse.  The  motion  of  the  inertia  mass,  prior  to  its  unsealing 
the  sealing  valve,  also  closed  a  mioroswltoh  causing  a  trigge.* 
pulse  to  be  delivered  to  the  recording  oscilloscope.  A  view 
of  the  dynamic-calibration  setup  is  shown  in  Figure  A-1. 

The  oscilloscope  traces  for  these  ten  tests  are  shown  in 
Figures  A-2  and  A-3.  The  pressure- sensing  device  was  filled 
with  200-centi3toke  silicone  oil  in  those  tests  presented  in 
Figure  A-2,  whereas  2,000-centistoke  silicone  fluid  was  used  in 
those  presented  in  Figure  A-3,  In  making  a  comparison  of  the 
experimental  results  with  theory  for  the  degree  of  damping  of 
the  system,  one  must  recall  the  expression  for  the  degree  of 
damping 


h  =  Ii 


(9) 


whore 


®1  ®1 

Li  +  -i  Lp  +  -=  L,  + 


=  2/~k 


™t 


(10) 


If  we  recall  equation  (II).) 


14 


mt  =  tOd  +  Li  +  82  L2 


+  83  L3 
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CASE  I 


PRESSURE- SENSING 
DEVICE  WITH  NOZZLE 


CASE  I  WITH  LENGTH 
OF  MAIN  SECTION  SHORTENED 


I 

CM 


FIG.  A-2  OSCILLOSx  OPE  TRACES  SHOWING  DEGREES  OF  DAMPING  OF 
lOO-PSI  gage  filled  with  200-CENTIST0KE  SILICONE  OIL 


CASE  S 


CASE  4  WITH  INSIDE 
DIAMETER  OF  MAIN 
SECTION  ENLARGED 


CASE  .3 


CASE  2 


CASE  I 

WITHDUT  NOZZLE 


CASE  4 


CASE  3 

WITHOUT  NOZZLE 


NOTES:  ALL  CASES  WERE 

SUBJECTED  TO  lOO-PSI 
PULSE. 

TIME  BASE  FOR  ALL  TESTS 
WAS  2  MSEC/CM 
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CASE  I 


CASE  3 


PRESSURE -SENSING  CASE  I  WITH 

DEVICE  WITH  NOZZLE  LENGTH  0?  MAIN 

SECTION  SHORTENED 


CASE  4 


CASE  5 


CASE  3 

WITHOUT  NOZZLE 


CASE  4  WITH 
INSIDE  DIAMETER 
OF  MAIN  SECTION 
ENLARGED 


NOTE:  ALL  CASES  WERE  SUBJECTED  TO  100- PSi  PUlSE. 
TIME  BASE  FOR  ALL  TESTS  WAS  2  MSEC/CM. 


FIG.A-3  OSCILLOSCOPE  TRACES  SHOWING  DEGREES  OF  DAMPING  OF 
100- PSI  GAGE  FILLED  WITH  2000-CENTIST0KE  SILICONE  OIL 
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the  degree  of  damping  can  also  be  expressed  as 

h  -  ^  ^  ^3  ^ 

\/  k  rat 

The  value  for  the  spring  constant,  k,  of  the  diaphragm  can  bo 
determined  from  its  load  deflection  relationship,  which  is 


k  = 


Lll 

8 


(21) 


where 

8  is  deflection  of  the  diaphragm. 

The  expression  for  8  can  be  obtained  by  considering  the  diaphragm 
to  bo  a  uniformly  loaded,  circular  plate  with  clamped  edges  vinder 
large  deflection.  This  is  a  good  assvimptlon  in  that  the 
diaphrag.  is  mounted  in  such  a  manner  as  to  fulfill  the  clamped- 
edges  condition  and  the  maximum  deflection  of  the  diaphragm  does 
not  exceed  that  of  its  thickness.  The  expression  for  8  is 
obtained  from  Reference  (d),  and  is 

P  d,^  1 

8  =  - ^ - r  (22) 

fc2 

1024  D  1  +  .488  ~ 


where 

d  ....  is  diamelor  of  diaphragm,  1-' 
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w  ••••  is  thickness  of  diaphragm,  in 
D  is  flexural  rigidity  of  diaphragm,  lb~in 

and 


i:  w3 

D  - - 

12  (1-^2) 


(S3) 


where 

E  ....  la  modulus  of  elasticity  in  tension  and  compression 
of  diaphragm,  lb/in2 
y  ....  la  Poisson’s  ratio  of  diaphragm. 

Results  calculated  from  the  Damping  Theory  and  moasurod 
from  the  experimental  data  for  the  ten  experiments  performed 
are  presented  in  Table  A~l.  For  the  purpose  of  comparing  the 
measured  experimental  results  with  the  theoretical  calculated 
results,  it  is  more  meaningful  to  express  the  degree  of  damj>ing 
in  terms  of  the  natural  damped  frequency,  ^nd»  of  the  system, 
since  this  is  more  readily  measured.  From  equation  (8)  the 
natural  damped  frequency  of  the  system  can  be  expressed  as 


=  It. 


rtl2 


2mt 


(21)) 


The  conclusions  that  can  be  drawn  from  the  results 
presented  in  Table  A~1  are  as  follows; 

1.  The  experimental  results  qualitatively  affirm  the 
damping  theory. 
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tafjl"  a-i  dynamic-calibration  experimental  results, 

MEASURED  AND  CALCULATED 
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2.  An  increase  in  the  viscosity  of  the  transmitting  fluid 
decreases  the  natural  damped  frequency  and  increases  the  damping 
of  the  system.  This  is  shown  by  comparing  the  tests  that  used 
200-centiatoke  damping  fluid  with  the  ■cesta  that  used  200C- 
cantistoke  damping  fluid.  The  effect  that  viscosity  of  fluid 
has  upon  the  damping  is  leas  as  the  damping  of  the  system  is 
reduced.  This  is  shown  by  Cases  4  and  5. 

3.  A  decrease  in  the  length  of  the  main  section  of  the 
pressure-transmitting  tube  increases  the  natural  damped 
frequency  and  decreases  the  damping.  This  is  shown  by  comparing, 
for  the  tests  that  used  200-centiatoke  fluid,  Cases  1  and  2  with 
Cases  3  and  4>  respectively.  For  the  tests  that  used  2000- 
centistoke  fluid.  Cases  1  and  3  were  ovordamped,  resulting  in  a 
non-oscillatory  condition.  By  comparing  the  rise  time  of  the 
pressure  pulse  for  Cases  1  and  3  shown  in  Figure  A-3,  the  effect 
of  the  length  of  the  main  section  upon  the  damping  can  be  shown. 

4.  An  increase  in  the  diameter  of  the  main  section  of  the 
transmitting  tube  increases  the  natural  damped  frequency  and 
decreases  the  damping.  This  is  shown  by  comparing  Case  4  with 
Case  5* 

5.  The  addition  of  the  nozzle  decreases  the  natural 
damped  frequency  and  increases  the  damping.  This  is  shown  by 
comparing  Cases  1  and  3  with  Cases  2  and  4»  respectively.  In 
the  tests  that  used  2000-centistoke  fluid,  the  effect  of  the 
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nozzle  can  be  shown  in  Figure  A-3  by  comparing  the  rise  time 
of  the  pressure  pulse  of  Case  1  with  that  of  Case  3» 

Prom  the  results  obtained  in  those  tests,  a  transmitting 
tube  of  the  Case  1  design,  filled  with  2000-3entistoke  sixioono 
fluid,  was  used  in  the  model  reactor  experiments.  Additional 
testa  wore  performed  in  order  to  investigate  the  damping 
jharaotoristio  of  Case  1  typo  transmitting  tube  under  a  wider 
range  of  transraitting-fluid  viscosities.  The  oscilloscope 
traces  for  these  tests  are  presented  in  Figure  A-4. 

A  similar  series  of  experiments  conducted  with  the  fluid¬ 
damping  typo  pressure-transmitting  tube  was  also  conducted 
with  the  orifice-damping  type  transmitting  tube.  The  results 
of  these  tests  revealed  that  the  required  damping  characteristic 
was  produced  by  a  1/8-inch  diameter  orifice. 

Sample  Calculations.  Sample  calculations  for  Case  1 
(transmitting  tube  filled  with  200-oentistoke  silicone  fluid) 
are  presented  here. 

The  dimensions  and  physical  properties  for  Case  1  are  as 
follows; 

Li  =  0.16  in;  a;^  =  0.197  in^ 

-  1*00  in;  =  0.023  in^ 

Lj  =  6.50  in;  =  0,036  in2 

=  1.70  in;  a||  =  0.012  in^ 

/X  =  200  (centistoke)  r  l.'i095  x  lO*"^  =  2.819  x  10“5 

in2 
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200-CENTIST0KE  SILICONE  OIL 
100- PSI  PULSE 
TIME:  2  MSEC/CM 


lOOO-CENTISTOKE  SILICONE  OIL 
lOO-PSI  PULSE 
TIME:  2  MSEC/CM 


NOTE:  ALL  TESTS  WERE  CONDUCTED  WITH  7-INCH  TRANSMITTING  TUBE 
WITH  NOZZLE  (CASE  I) 


FIG.  A-4  OSCILLOSCOPE  TRACES  SHOWING  EFFECT  OF  VARYING  OIL 
VISCOSITY  IN  PRESSURE-TRANSMITTING  TUBE 
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Dimensions  of  lOO-psi  pressure-transducer  diaphra,fm  are 

w  =  0,008  in 

d  =  0.500  in 

V  =  0.23 

D  =  1.005  lb-in 

WdS  =  X  10“^  lb 

From  equation  (22) 

8  =  (^QO)  (0.500)^  ^ _ 1 _ 

(1024)  (1.005)  1  +  0,14.88  — . 

(0.008)2 

the  solution  of  whioh  gives 

B  =  0.005  in 

and  upon  substituting  In  equation  (21);,  we  calculate  k  to  be 

k  =  =  3860  Ib./in 

(0.005) 

Prom  equation  (14)  we  calculate  to  be 

TOt  =  4.57x10“^  +  I  (3.5l5xl0"2)  [  (0.197) (0.16)  +  (0.023) (1) 

+  (0.036)(6.50)(2ii2l)'^.i.  (0.012)  ( 1.70) 

\0.023/  10.036/  I0.OI2/ 

=  1,69x10“3  3l« gs 
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Profa  the  caloulated  values  for  k  and  h  fror.  equation  (l^a) 
becomes 


h  = 


4.2.ei9xlO-5[o.l6 . 2^  (1)  .  ^  (6.50)  ^  (1.70)] 

^  (3880) (1.69x10-3) 


=  9.75x10“2 


Combining  equations  {9)»  (10),  and  (l5a)>  w®  obtain 

rt  =  9.-75xi0“2  (2)  7(3880)  (1.69xl0“3)  =  o.li.99  Ib-seo/in 

Then  from  equation  (2l|.)  ^nd  becomes 


^nd 


3880 

/  0.11.99  .  f 

1.69x10“5 

\ 

\2  X  1.69x10-3/ 

=  239  ops. 
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AIPENDIX  B 

FRICTIONAL- FORCa  MEASURtMaNTS 
In  order  to  establish  confidence  in  the  validity  of  the 
pressur-e-"  ,ma  data,  it  was  necessary  to  have  some  idea  as  to 
the  magnitude  of  the  frictional  force  of  the  model  plug.  A 
system  was  devised  in  which  a  Dillon  Force  Gage  was  utilized 
in  measuring  the  frictional  force  of  the  plug.  A  setup  of 
this  system  is  illustrated  in  Figure  B-1.  The  force  gage  was 
calibrated  luider  known  loads,  then  placed  in  series  with  the 
plug,  steel  rod,  steel  ball,  and  hydraulic  lift.  The  plug  was 
then  raised  at  a  slow  uniform  rate  by  the  lift  through  an 
approximate  stroke  of  four  feet,  and  the  force  measured  by  the 
gage  was  noted.  Alter  the  plug  had  reached  the  top  of  its  stroke, 
it  was  lowered  to  Its  initial  position,  and  once  again  the  force 
measured  by  the  gage  was  noted.  This  procedure  was  repeated 
several  times,  and  the  average  readings  of  the  force,  required  to 
raise  and  lower  the  plug  wore  taken.  The  frictional  fcrce  was 
then  determined  from  the  following  relationship 

■  F0ZC-e..(U-P.).  ■-_For^e_.(down)_  ,  .  ^  prictional  ^orce  {PS) 

and  it  was  checked  by  using  the  following  expression 

Force  (up)  -  Plug  weight  =  Frictional  Force  (26) 
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A  constant  frictional  force  of  20  pounds  was  determined 
from  this  series  of  tests,  the  accuracy  of  which  is  of  the 
order  of  i5  pounds.  This  accuracy  was  such  that  no  difference 
could  be  distinguished  between  static  friction  and  the  kinetic 
friction. 
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